The quantitative description of the motion of neurotransmitters in the synaptic cleft appears to be one of the most difficult problems in the modeling of synapses. Here we show in contradiction to the common view, that this process is merely governed by electric transport than diffusion forces.
Synapses are usually about a few nm wide and have diameters of about 20−25μm. These dimensions make it very difficult to get experimental data on the dynamical behavior of intrasynaptic processes, such as the motion of neurotransmitters from the presynaptic to the postsynaptic membranes. There are several suggestions on the physiology of this procedure. For some researchers, it is obvious that the gradient of neurotransmitter concentration in the synaptic cleft leads to a diffusion process, which is best modeled by diffusion equations 2, 8, 9 in heterogeneous media. The number of neurotransmitter molecules in a release process in this small area does not provide the "best" conditions for a diffusion process from the mathematical point of view. In addition, the existence of electric fields (generated mainly by membrane potentials) which interact with the neurotransmitter dynamics 4,5,10 disposed us to compare the electric current density J EM = σE with the diffusion flux J dif f = −D ∂ρ ∂x . For 10 5 dopamine molecules, the value of electric current density σE, generated by the electric potentials between the pre-and postsynaptic membranes, has been calculated and compared with the value of the diffusion flux −D ∂ρ ∂x in an ionic medium. The parameter values were taken from experiments on diffusion coefficients of neurotransmitters and electrophysiological studies 5, 6, 11 . The investigation suggests that the order of magnitude of the current density preponderates the diffusion flux on a factor of 10 3 :
This relationship is also observable for other neurotransmitter systems. Therefore, it is justified to consider the electric force as the dominant reason for the motion of neurotransmitters in synaptic clefts. We would like to underline the fact that the above consideration does not preclude the extracellular diffusion which is in fact often observed and is physiologically relevant 1, 7, 13 . The hypothesis of active electric transport could also be supported by the physiology of neurotransmitter-transporters like hDAT and the functionality of autoreceptors. The function of both structures interacts strongly with the membrane potentials 4, 5, 10 . This interaction is modeled by the temporal dependency of the electric fields ∂E ∂t from the gradient of neurotransmitter concentrations ∇ρ. To prove this hypothesis qualitatively, we constructed a mathematical model based on the following statements: The neurotransmitters are transported merely by the intrasynaptic electric fields from the pre-to the postsynaptic membrane. The concentration gradient of neurotransmitters in the synaptic cleft changes the polarity of the intrasynaptic electric field. Higher neurotransmitter concentration at the postsynaptic membrane leads to its depolarization because of the higher amount of neurotransmitter-receptor bindings. These assumptions led us to derive a model describing the dynamical behavior of the electric fields E and the neurotransmitter density in the synaptic cleft ρ and the interaction between these two quantities:
for α, β constants z the charge of neurotransmitters and γ ex the metabolization parameter. This model is structurally compatible with the Poisson-Nernst-Planck equations and can be analyzed in a similar way 3 . Simulation of this model with the software Gascoigne using the method of vanishing viscosity, i.e. inclusion of a very small diffusion in the equation, led to effects that are physiologically expectable (Figure-1) . The dynamical behavior of the neurotransmitters is determined by the changes in membrane potentials. During the release of neurotransmitters, the presynaptic membrane is depolarized which generates an electrical field. This field forces the transport of the neurotransmitters to the postsynaptic side. The initial high neurotransmitter concentration on the presynaptic side acts via autoreceptors on the membrane potential. After the neurotransmitters arrive at the postsynaptic membrane, they change the postsynaptic membrane potential by binding on receptors, which reverses the direction of the electric field and forces the back-transport of the neurotransmitters to the presynaptic side. There exists a fractional amount of neurotransmitters that diffuse out to extrasynaptic space. We would like to remark at this point that for a realistic validation with observed extrasynaptic concentrations further modeling steps are required. The existence of several neighboring synapses, and the complex topology of the brain reveal some problems that are not discussed here. However, the observed dynamical behavior of the intrasynaptic neurotransmitter concentration as a transport process with a very small diffusion could be useful to improve our insight on the physiology of synapses.
